Investigating the effect of physiological need states on palatability and motivation using microstructural analysis of licking by Naneix, Fabien et al.
1 
 
Investigating the effect of physiological need states on palatability 
and motivation using microstructural analysis of licking 
 
Running title: Lick microstructure and physiological states 
 
Authors: Fabien Naneixa, Kate Z. Petersb, James E. McCutcheona,c 
 
a Dept. of Neuroscience, Psychology & Behaviour, University of Leicester, Leicester, UK 
b Dept. of Anatomy and Neurobiology, University of Maryland School of Medicine, Baltimore, 
MD, USA 
c Dept. of Psychology, UiT The Arctic University of Norway, Tromsø, Norway 
 
Corresponding author: JE McCutcheon (j.mccutcheon@uit.no; @jaimemcc) 
 
Author’s contribution: 
FN and JEM designed research; FN performed research, FN, KZP and JEM analyzed data; 







The study of consummatory responses during food intake represents a unique opportunity to 
investigate the physiological, psychological and neurobiological processes that control 
ingestive behavior. Recording the occurrence and temporal organization of individual licks 
across consumption, also called lickometry, yields a rich data set that can be analyzed to 
dissect consummatory responses into different licking patterns. These patterns, divided into 
trains of licks separated by pauses, have been used to deconstruct the many influences on 
consumption, such as palatability evaluation, incentive properties, and post-ingestive 
processes. In this review, we describe commonly used definitions of licking patterns and how 
various studies have defined and measured these. We then discuss how licking patterns can 
be used to investigate the impact of different physiological need states on processes 
governing ingestive behavior. We also present new data showing how licking patterns are 
changed in an animal model of protein appetite and how this may guide food choice in different 
protein-associated hedonic and homeostatic states. Thus, recording lick microstructure can 
be achieved relatively easily and represents a useful tool to provide insights, beyond the 
measurement of total intake, into the multiple factors influencing ingestive behavior. 
 
HIGHLIGHTS 
• Analysis of lick microstructure provides useful information on incentive and hedonic 
processes underlying ingestive behavior 
• Different physiological need states, such as hunger, impact licking patterns 
• Protein appetite increases palatability of protein-containing food, which may be used 
to orient food-related behaviors 
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Food intake and its control requires the integration of multiple peripheral signals including 
those related to homeostatic state, food palatability, sensory properties of the food, and post-
ingestive processes (Berthoud, 2012; Schwartz et al., 2000; Volkow et al., 2011). These 
signals interact with central representations of food (learned and innate food values) to 
influence feeding and food-related behaviors. The complex interaction of central and 
peripheral signals will, for instance, promote the consumption of palatable food (e.g. sweet) 
but induce the avoidance of other stimuli (e.g. bitter foods, which are often a signal of toxicity). 
Moreover, it will also allow food choice to be flexibly expressed depending on current 
motivational drives such as the need for specific nutrients. 
Food-related behaviors can be divided into two broad mechanisms. First, motivational 
processes allow an organism to engage behavioral responses to pursue rewarding foods or, 
in contrast, to avoid aversive stimuli. This group of behaviors is on a continuum encompassing 
both appetitive (approach and food-seeking responses) and avoidance behaviors, which bring 
the animal closer to or further away from the food. Second, consummatory processes are 
triggered by contact with the food and also exist on a continuum with licking, chewing, and 
swallowing of ingested foods vs. distinct behaviors to reject unwanted or aversive foods 
(Balleine, 2005; Berridge and Kringelbach, 2015; Berthoud, 2012; Schier and Spector, 2019). 
While appetitive processes and their neurobiological substrates are broadly studied using 
associative learning processes (Pavlovian and instrumental conditioning), consummatory 
behaviors are often sidelined in the study of food-related processes. Affective responses, such 
as pleasure or liking, are thought to be an important component of consumption but rodents 
lack the ability to verbalize their like or dislike for a specific food. Therefore, paradigms tend 
to rely on overall consumption or choice to investigate preference for specific foods (Berridge, 
2000). The inference often follows that an increase in intake reflects an increase in an animal’s 
affective response to the food, (i.e. they like it more). However, intake does not only reflect the 
affective response to a food. For example, tests of the so-called ‘anhedonia state’ – a marked 
loss of motivation or pleasure – use sucrose preference tests to assess sensitivity to palatable 
sweet solutions. In this test, where the animal simply has access to sucrose and the absolute 
amount consumed is measured, it is inferred that a reduction in preference for palatable 
sucrose is indicative of a decrease in hedonic evaluation. Reduction in sucrose preference, 
however, is the result of multiple mechanisms not limited to palatability evaluation, but also 
including other internal processes (motivation, inter-individual sensitivity for sweet taste, 
stress) and external parameters (experimental condition such as light/dark cycle, sweet taste 
concentration, bottle position etc.) (Scheggi et al., 2018).  The limit of this kind of approach is 
that it cannot tell us whether any change in animal’s consumption of a solution is due to a 
4 
 
change in the palatability of the food stimulus or a change in other factors such as physiological 
state. 
Within this context, studies examining the microstructure of ingestive behaviors show that 
close investigation of consummatory behaviors can provide more nuanced and important 
information on the parameters controlling food intake, especially stimulus evaluation or 
palatability (Davis, 1996; Dwyer, 2012; Grill and Norgren, 1978; Johnson, 2018; Smith, 2001; 
Spector, 2000). As such, rather than simply assessing total intake across time, by analyzing 
the pattern in which this intake occurs, new insights into the psychological, behavioral, and 
neural processes that underpin ingestive behavior can be made. 
In this review, we focus on how different physiological need states, from general hunger to 
specific nutrient requirements, affect the microstructure of licking behavior and how analysis 
of lick patterns can inform us about the current evaluation of food by animals. In addition, we 
outline some simple ways to implement and open access methods for recording and analyzing 
detailed lick microstructure parameters. 
 
ANALYSIS OF LICK MICROSTRUCTURE 
When rodents are presented with a spout or sipper that contains a solution they will drink from 
it in a stereotypical manner. Most of this licking behavior is rhythmic with licks occurring at a 
consistent rate of approximately 6-7 Hz in rats (Davis and Smith, 1992) or 8-10 Hz in mice 
(Dotson and Spector, 2005; Johnson et al., 2010). Initial work performed during the 1970s 
demonstrated that these periods of high frequency licking are interspersed with pauses that 
can range from ~150 ms to many minutes (Corbit and Luschei, 1969; Halpern, 1977). Seminal 
experiments by Davis and Smith (1992) demonstrated that, in accordance with this modal 
frequency of 6-7 Hz, the vast majority of licks (e.g. >90%) are separated by interlick intervals 
(ILIs) that are less than 250 ms. The distribution of these very short ILIs seems independent 
of palatability evaluation or motivational processes (Davis, 1996; Davis et al., 1994) and is 
thought dependent on the motor output generated by a central pattern generator in the 
hindbrain (Travers et al., 1997; Wiesenfeld et al., 1977). Changes in lick separated by less 
than 250 ms is usually interpreted as an alteration in oromotor function. Licks separated by 
pauses > 250 ms are typically referred to as bursts of licks. 
Davis and Smith (1992) went on to further subdivide the pauses between bursts into those 
that were approximately double the modal ILI (e.g. 250-500 ms) and those that were longer 
than this. They suggested that the former pauses – brief ILIs between 250 and 500 ms –  were 
either a ‘missed lick’ caused by the tongue failing to make contact with a spout or were a brief 
interruption due to a lateral tongue protrusion or other mouth movement  (Grill and Norgren, 
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1978). The latter group of pauses – ILIs that were longer than 500 ms – was thought to reflect 
interruptions due to the animal terminating the licking episode and engaging in other behaviors 
such as ambulation or grooming. 
Thus, division of the train of licks based on a certain pause criterion (i.e. 500 ms) yields a 
series of bursts or clusters separated by the pauses between them. In turn, this provides a 
number of microstructure parameters including number of lick bouts, their sizes (licks within a 
burst or cluster), and the pauses between these trains (interburst or intercluster intervals). 
These parameters, as we will discuss further in the proceeding sections, can vary with internal 
state, palatability and external stimuli, which can provide insights into motivation and 
consumption beyond simply measuring the total amount of solution consumed (Figure 1). 
The choice of pause criterion and whether bursts separated by brief ILIs due to missed licks 
should be combined into larger units (often known as clusters) has been studied and 
discussed, although no clear consensus has been reached. A number of studies have built on 
the original classifications from Davis and Smith (1992) to define the pauses between bursts 
and clusters using a range of criteria. Spector et al. (1998) made an in-depth study by 
analyzing the same dataset using a wide range of pause criteria to show how the choice of 
criterion interacted with the effect of sucrose concentration and food deprivation on licking 
microstructure. For instance, very short (<300 ms) or very long (>10 s) pause criteria resulted 
in a relationship between sucrose concentration and burst size that was nonlinear for high 
concentrations. The authors concluded that a pause criterion of <1000s seemed the most 
appropriate, rather than <500ms as suggested by Davis and Smith (1992). This slightly more 
liberal criterion was favored as it captures within-burst events that likely reflect two or more 
missed licks on the spout. More recently, Johnson, et al. (2010) analyzed licking 
microstructure using pause criteria of 250-500, >500 or >1000 ms and determined that the 
latter was the most appropriate to observe differences in licking behaviors between different 
strains of mouse. This pause criterion of >1000 ms (or 1 s) is the most commonly used in mice 
studies (Dotson and Spector, 2005; Johnson, 2018; Johnson, et al., 2010; Mendez et al., 2015; 
Ostlund et al., 2013). Despite some variability in the pause criteria and the vocabulary used 
between studies (e.g. bursts, clusters, meals, bouts) all agree that licking behavior can be 
studied beyond overall intake, with its microstructural pattern providing information about the 
motivational and hedonic evaluation of the solution being consumed. Hereafter, in this review, 
we will use the term cluster to refer to bouts of licking separated by a pause criterion of at least 
500 ms. 
Cluster size (or duration) has been shown to increase monotonically as concentration of 
sucrose or maltose increases (Davis and Perez, 1993; Davis and Smith, 1992; Spector, et al., 
1998). On the other hand, cluster size decreases when water is adulterated with the bitter 
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taste of quinine, even under conditions of water deprivation (Hsiao and Fan, 1993), or when a 
palatable taste is paired with lithium chloride inducing gastric malaise (Baird et al., 2005; 
Dwyer, 2009; Spector and St John, 1998). The size of clusters does not simply reflect overall 
consumption as highest consumption usually occurs at moderate concentrations for a specific 
tastant, following an inverted U-shaped curve. Moreover, cluster size is not affected in sham 
feeding paradigms, in which a gastrointestinal fistula prevents the solution reaching the 
digestive tract (Davis and Smith, 1992). The monotonic relationship between cluster size and 
palatable or aversive solutions strongly suggests that cluster size reflects the hedonic 
evaluation of the solution. Moreover, cluster size is also influenced by learning. For example, 
in flavor conditioning experiments in which a flavored solution is paired with a specific nutrient 
and compared to a less nutritive flavored solution (Sclafani, 2004), cluster size of the nutrient-
paired flavor increases reflecting its elevated hedonic evaluation (Dwyer, 2012; Johnson, 
2013; Myers and Sclafani, 2001; Myers and Sclafani, 2001). It is interesting to note that a 
decrease in cluster size as the meal progressed has been reported (Spector, et al., 1998), 
suggesting that cluster size is influenced by post-ingestive load and satiety processes. This 
decrease in cluster size could potentially reflect a decrease in palatability as a meal 
progresses (Berridge, 1991). However, this change in cluster size over time does not alter the 
difference in size between high and low sucrose concentrations. In summary, the size of lick 
clusters, can generally be used as a proxy to measure change in palatability of food across 
different physiological states or after learning, at least if considering short meal periods. 
In contrast to the size of clusters, the total number of clusters within a session follows an 
inverted U-shaped curve as a function of concentration for many nutritive solutions (e.g. 
sucrose; (Davis and Smith, 1992; Spector, et al., 1998). Thus, cluster number often mirrors 
overall intake and is thought to reflect the effect of post-ingestive processes and a change in 
deprivation state (e.g. within-session satiety) on the initiation of drinking episodes. The link to 
post-ingestive processes is clearly confirmed by the increase in cluster number that is seen in 
sham feeding preparations (Davis and Smith, 1992; Smith, 2001). In addition, as cluster 
number is directly related to the number of times an animal initiates licking behavior, it has 
also been suggested to reflect the incentive value of food-related stimuli although this remains 
debated (Davis and Smith, 1992; Johnson, 2018; Ostlund, et al., 2013; Spector, 2000). Thus, 
in contrast to cluster size, the total number of clusters can be used as a readout of initiation of 
ingestive behavior and how it is affected by post-ingestive signals. 
 
EFFECT OF FOOD RESTRICTION AND HUNGER ON LICK MICROSTRUCTURE 
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Food restriction and hunger increases the overall intake of palatable food in animal models 
(Berthoud, 2011; Berthoud, 2012). Early seminal studies by Davis that performed a coarse 
analysis of licking behavior (relative to the later methods he developed) showed that the 
number of licks in 30-s time bins was higher when rats were food-deprived than after rats had 
been allowed to consume a meal and sate their hunger (Davis, 1973). Twenty years later, 
using a more fine-grained analysis of lick microstructure, Davis and Perez (1993) examined 
food-deprived rats licking for different concentrations of sucrose. They showed that, in general, 
food deprivation had complex effects on licking microstructure depending upon the 
concentration of sucrose. At low concentrations of sucrose (0.05 to 0.2 M), food deprivation 
increased cluster number without affecting cluster size. For higher concentrations of sucrose 
(>0.4 M), cluster size increased drastically, relative to the low concentrations, and this effect 
was potentiated by food deprivation. Surprisingly, the number of clusters was then lower in 
the food-deprived condition compared to non-deprived animals. To explain this discrepancy, 
the authors proposed that the longer licking bouts induced by food deprivation are 
compensated by a reduction in the frequency of these bouts so that similar overall intake is 
maintained. 
These results differ somewhat from a later study in which, over a similar range of 
concentrations (0.03 – 1.0 M), food-deprived rats exhibited a greater overall intake and 
number of bursts relative to ad libitum fed rats (Spector, et al., 1998). Interestingly, by testing 
multiple ILI criteria to define pauses between bursts of licks (from 0.3 to 100 s), they found 
that with very long criteria (ILIs ≥ 30 s) food deprivation increased cluster size whereas with a 
very short criterion (ILIs ≥ 300 ms) food deprivation decreased cluster size. However, over a 
large range of criteria (0.3 s ≥ ILIs ≥ 10s), which include the pause duration used by Davis & 
Perez (1993), they observed no effect of food deprivation on cluster size. The reason for the 
discrepancy between these two studies with respect to the effect of food deprivation on cluster 
size remains unclear but may reflect methodological differences including length of deprivation 
(17 h in Grill and Norgren, 1978; 23 h in Spector, et al., 1998), test duration (30 or 60 min) or 
choice of pause criterion. 
In a study of successive negative contrast, Grigson et al. (1993) performed microstructural 
analysis when food-deprived and free-feeding rats were given 5-min access to either 0.1 M or 
1.0 M sucrose solution. Although they did not explicitly compare effects between deprivation 
conditions, visual inspection of their data strongly suggests that food deprivation increased 
cluster size for the high but not low concentration of sucrose without affecting number of 
clusters. Interestingly, they also noted effects of experience whereby non-deprived rats that 
had had prior experience of sucrose in the deprived state exhibited greater cluster size than 
naïve, free-feeding rats. 
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More recently, Verharen et al. (2019) compared 60-min intake of 5% sucrose solution 
(≈0.15 M) and lick microstructure between ad libitum fed and 24-h food-restricted rats using  
a very liberal pause criterion of 1 min to define lick clusters (here called “bouts”). In contrast 
to the previous studies, they reported that the increase in overall intake induced by food 
deprivation is not associated with an increase in cluster number. They, however, noted an 
(non-significant) increase in cluster size suggesting a potential increase in sucrose palatability 
induced by hunger state. 
Similar to studies using rats, it was demonstrated that non-deprived mice exhibited a 
concentration-dependent increase in total licks, cluster number and cluster size when drinking 
sucrose (Mendez, et al., 2015; Ostlund, et al., 2013). Moreover, all of these parameters were 
increased when mice were food deprived for 18 h, suggesting an increase in both incentive 
properties and palatability evaluation of sucrose when hungry (see also Johnson, et al., 2010). 
Taken together, studies that have assessed change in lick microstructure induced by food 
deprivation have produced some converging findings. Importantly, an effect of deprivation on 
increasing cluster size has been observed several times. However, discrepancies in results 
are likely the result of a complex interaction between concentration of solutions, length or 
magnitude of food deprivation, as well as procedural and analytical differences. 
 
EFFECT OF WATER DEPLETION AND THIRST ON LICK MICROSTRUCTURE 
In contrast to the effect of hunger on licking patterns, only a few studies have investigated the 
effect of thirst. The main limitation is the technical difficulty in getting animals to lick for water 
in an experimental setting when they are not fluid deprived. Consequently, most studies only 
used water-deprived animals without any non-thirsty control group. As an aside, the water-
deprivation used by many studies that are designed to give insight into feeding behavior may 
be viewed as a confound. Moreover, a lot of studies also measured water intake in models of 
sodium depletion or repletion (see below), precluding a rigorous analysis of lick patterns only 
due to water intake (Canu et al., 2010; D'Aquila et al., 2019; D'Aquila et al., 2012; Galistu and 
D'Aquila, 2012). Despite these limitations, unsurprisingly these studies reported that water-
deprived animals exhibit a high number of licks for water and that these licks are organized 
into clusters. Moreover, pharmacological manipulations generally affect lick patterns for water 
in a similar way to what has been observed with ingestion of nutritive solutions. 
The study by Verharen, et al. (2019), discussed in the above section, is a notable exception 
as they studied water intake in rats with and without 7-h water restriction. Water restriction 
was observed to increase the number of drinking bouts without affecting their size, although it 
should be noted that the analysis parameters used here differed from those conventionally 
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used in lick microstructure studies. The use of longer pause criterion (1 min) may dampen the 
effect of thirst on licking patterns during the initial licking episodes by averaging several shorter 
clusters of licks. The use of a long recording session (60 min) can also impact aspects of 
licking patterns that are influenced by satiety (Spector, et al., 1998). 
 
EFFECT OF SODIUM DEPLETION ON LICK MICROSTRUCTURE 
Sodium is the main extracellular cation and its depletion drives an immediate, unlearned 
preference for food and solutions containing sodium chloride and some other sodium salts 
(Denton, 1984; Geerling and Loewy, 2008; Richter, 1943; Wolf et al., 1974). This preference 
is manifested as increased intake of sodium-containing solutions, relative to water or other 
palatable solutions (Berridge et al., 1984). 
Lick rate for sodium chloride is higher in sodium deplete rats compared to sodium replete rats 
during the first three minutes of a consumption test across a range of concentrations (Breslin 
et al., 1993). Several studies have demonstrated that increased sodium intake is associated 
with an increase in both the number of clusters and cluster size suggesting an increase in both 
the incentive value and the palatability of sodium chloride (Canu, et al., 2010; D'Aquila, et al., 
2012; Tandon et al., 2012; Wirtshafter et al., 2012). Interestingly, using the taste reactivity 
procedure, another method of assessing stimulus palatability in which a specific tastant is 
delivered directly to the oral cavity via an intraoral catheter (Grill and Norgren, 1978), similar 
effects of sodium depletion were observed. As such, there was an increase in positive orofacial 
reactions (e.g. tongue protrusion, paw lick) and a decrease in aversive reactions (e.g. head 
shake, forelimb flail, face wipe, gape) in sodium deplete rats that received intra-oral infusion 
of sodium chloride (Berridge, et al., 1984). 
More recently, Verharen, et al. (2019), using a long pause criterion to define episodes of licking 
(see above), reported a general trend towards sodium depletion increasing cluster number 
and cluster size. Moreover, sodium depletion also appeared to increase water intake during 
the same consumption test, but this later effect was only driven by an increase in the number 
of clusters and not cluster size. Thus, sodium depletion seems to drive an increase in general 
drinking behavior associated with a specific increase in the evaluation of sodium chloride that 
may drive foraging and consumption of salt-enriched food or drinks in response to a 
homeostatic drive. 
 
EFFECT OF PROTEIN RESTRICTION ON LICK MICROSTRUCTURE 
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Protein is thought to be the most tightly regulated of the three macronutrients due to the 
importance of essential amino acids for most metabolic and physiological functions. 
Accordingly, when animals are placed on a diet that is low in protein, their patterns of food 
intake change in ways that drive animals to achieve an optimal level of dietary protein where 
possible (Gibson and Booth, 1986; Hill et al., 2019; Hill and Morrison, 2019; Laeger et al., 
2014; Theall et al., 1984). 
Our group recently showed that this shift to a low protein diet increases the preference for a 
distinctly-flavored solution that contains the dairy protein, casein, relative to a solution 
containing the carbohydrate, maltodextrin (Murphy et al., 2018). Analysis of lick microstructure 
showed that the increased casein preference in protein-restricted rats was associated with 
both an increase in cluster number and cluster size. These results suggest that for protein-
restricted rats there is an increase in the palatability of the protein-containing solution (based 
on the increase in cluster size), as well as either an increase in the incentive properties of this 
solution and/or a reduction in the inhibitory post-ingestive effects (based on the increase in 
cluster number). Interestingly, these differences were observed during the preference test 
session when both solutions were available, but not during preceding conditioning sessions 
when only one solution was available (Figure 2). 
More recently, we reproduced these results using a paradigm in which casein- and 
maltodextrin-flavored solutions were presented in discrete 5-s trials (Figure 3A; (see 
Chiacchierini et al., 2019 for a more detailed description of the behavioral protocol)). 
Specifically, in this paradigm after having access to the solutions across a number of 
conditioning sessions, rats experienced a preference session in which both solutions were 
available. Importantly, however, this session began with ‘forced choice’ trials in which only one 
solution was presented at a time in a pseudorandom manner. In these ‘forced choice’ trials, 
no difference in cluster number or cluster size was seen, similar to the pattern of results during 
conditioning in our previous study when only one bottle was available (Figure 3B, left). These 
results demonstrate that, in absence of choice and a comparison between the two nutrient-
containing solutions, rats do not differ in their evaluation of each solution, which explains the 
similar amount of licking (Chiacchierini, et al., 2019; Murphy, et al., 2018). 
In contrast, when the two solutions are presented simultaneously during ‘free choice’ trials, 
the pattern of results is dependent on protein restriction. Non-restricted rats exhibit similar 
cluster number and cluster size for both casein and maltodextrin, consistent with the absence 
of casein preference under this diet condition. It is however noticeable that, by using discrete 
trials, the number of clusters (but not cluster size) is directly dependent on the animal’s choice 
during the limited availability of each sipper. For protein-restricted rats, however, an elevated 
cluster size for casein, relative to maltodextrin, is seen, similar to what we have previously 
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observed (Figure 3B, right). Taken together, these results suggest that the protein appetite 
that emerges under low protein diet is driven by an increase in the palatability of protein-
containing food, at least when compared with food that does not contain protein. This 
association is reinforced by the significant correlation between cluster size during licking for 
casein and casein preference (Figure 3C). 
To investigate whether changes in the palatability of casein were responsible for driving the 
casein preference, we investigated the effect of progressive quinine adulteration of casein-
flavored solution in non-restricted and protein-restricted rats (Figure 4A). Only the highest 
concentrations of quinine affected casein preference in both groups. Protein-restricted rats 
maintained a high casein preference up until 0.1 mM quinine. Furthermore, even with higher 
quinine concentrations (0.5 and 1 mM), casein preference levels never went below 50%, in 
contrast to what we observed in non-restricted rats (Figure 4B). Analysis of lick microstructure 
during quinine adulteration revealed complex effects (Figure 4C). Quinine adulteration did not 
affect the number of lick clusters for casein. When protein restricted, rats exhibited a greater 
number of clusters for casein than control animals, even at high quinine concentrations. These 
results suggest elevated motivation for casein in the protein-restricted group, concordant with 
their current homeostatic state. Moreover, in both groups, quinine adulteration decreased 
cluster size, confirming the reduced palatability of the casein solution as concentration of 
quinine increased, although the effect of quinine appeared greater in non-restricted rats. By 
contrast, the cluster size for maltodextrin is not affected in either group by the change in 
palatability of the casein solution. Our analysis demonstrates that casein preference in our 
model of protein appetite cannot be isolated from the effects of increased palatability of 
protein-containing solutions. Moreover, these effects on palatability are apparent in situations 
of choice and are resistant to food adulteration. An interesting possibility is that the current 
physiological state of protein restricted rats alters the perception of taste palatability beyond 
protein content itself but also overcomes the normally aversive effects of bitter taste. 
Accordingly, a similar effect is observed in sodium appetite protocols in which the taste of 
sodium chloride becomes palatable and rewarding when animals are sodium depleted 
(Berridge, et al., 1984; Cone et al., 2016; Robinson and Berridge, 2013). Together, these shifts 
in stimulus evaluation should allow an appropriate overall intake of protein in response to 
homeostatic needs. 
Control of protein appetite also requires protein intake to be changed appropriately in 
accordance with the current physiological state (Figure 5A). In our studies, when rats became 
newly protein depleted, their preference for casein progressively increased across multiple 
tests in their new homeostatic state. An opposite result was observed when rats were shifted 
from protein-restricted diet to normal diet (Figure 5B). The increase in casein preference in 
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protein-restricted rats was supported by an increase in both number of clusters and cluster 
size for casein (Figure 5C). Moreover, these animals also exhibited a decrease in cluster size 
for maltodextrin suggesting that, in addition to palatability of casein increasing, the perceived 
palatability of maltodextrin may also change to promote protein appetite in a situation of food 
choice. In contrast, newly protein replete rats increased the number of clusters during licking 
for both casein and maltodextrin. Intriguingly, cluster size during licking for casein is 
maintained even after protein levels are restored suggesting long-lasting changes in the 
palatability of casein in these animals. However, cluster size for maltodextrin is increased in 
the protein replete state. 
Taken together, analysis of lick microstructure suggests that protein preference in our model 
is driven by changes in stimulus evaluation or palatability of the protein-containing solution 
(casein). Moreover, palatability of the alternative solution containing carbohydrate 
(maltodextrin) may also play a role in guiding food preference. It is especially noticeable that 
the difference in intake and lick microstructure only appeared during choice situations (e.g. 
free choice trials during preference test session) and not when only one option was available 
(e.g. conditioning and forced choice trials). This pattern could result from a form of negative 
contrast where, when the comparison is possible, the value of each option is adjusted relative 
to most optimal choice according to current physiological state (Berthoud, 2012; Flaherty, 
1996). 
 
SUMMARY AND CONCLUSIONS 
The analysis of licking behavior and the associated microstructural analysis, presents an 
excellent opportunity to study controls of ingestive behavior at a nuanced level. In general, the 
size of defined trains of licks (e.g. bursts, clusters, bouts) is believed to reflect stimulus 
palatability, due to its positive correlation with hedonic evaluation. In contrast, the number of 
occurrences of these trains of licks is thought to be driven by a combination of a stimulus’s 
incentive properties and – at least across long sessions – by the post-ingestive satiating 
effects of a consumed substance. In the present review, we have discussed how these 
different measures reveal changes in palatability and incentive evaluation of food depending 
on physiological need state. State-dependent changes in both of these parameters have been 
reported, but there are also complex effects of stimulus concentration and level of deprivation. 
In addition, procedural differences, either in experimental design or analysis, may influence 
the findings. 
Despite providing numerous and important insights into fundamental processes governing 
consummatory behaviors, the analysis of licking microstructure also presents several 
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limitations. The first issue is that analysis of licking behavior is highly dependent on the 
animal’s behavior itself and its propensity to approach and consume food. Another popular 
way of assaying consummatory responses and stimulus palatability is the orofacial taste 
reactivity test. This technique, pioneered by Grill and colleagues, has yielded and continues 
to produce important insights into hedonic evaluation of taste stimuli (Berridge, 2000; Berridge 
and Grill, 1983; Grill and Norgren, 1978). Notably, behavioral results obtained using taste 
reactivity are in broad agreement with those that use lick microstructure to assess palatability. 
An advantage of lick microstructure is that it is a non-invasive method whereas taste reactivity 
– at least as performed traditionally – requires surgical implantation of an intraoral catheter. In 
addition, burst or cluster number is not available in taste reactivity experiments, which require 
additional behavioral tests to isolate incentive processes related to food consumption 
(Berridge, 2000). On the other hand, intraoral infusions allow delivery of a taste stimulus to be 
precisely controlled and the resulting orofacial movements and hedonic evaluation of a 
stimulus can be temporally linked to neurophysiological recordings (McCutcheon et al., 2012; 
Nishijo and Norgren, 1991; Roitman et al., 2008; Wheeler et al., 2008). An important 
consideration raised before by Dwyer (2012), is that there are few examples of studies in 
which microstructure of licking and taste reactivity have been used in parallel to compare the 
results of both approaches (Dwyer et al., 2017; Myers and Sclafani, 2001; Myers and Sclafani, 
2001). This remains an area in which more work is needed especially considering that the two 
approaches differ with respect to the role of some neurobiological reward-related circuits. 
A point that we have not discussed in this review is the possibility that the timing of the CPG 
that controls licking rate within bursts may be modulated by need states. A number of studies 
of lick microstructure report this parameter but although changes are sometimes observed, 
due to the fact that they are generally small, their functional significance has been questioned 
(Spector, et al., 1998). For instance, Davis and Perez (1993) reported that food deprivation 
reduced the initial lick rate but only from 6.9 Hz to 6.6 Hz. Thus, most studies have instead 
tended to focus on the factors that turn the CPG on and off and in models of ingestive behavior 
based on microstructural analysis, changes to the CPG itself have generally been ignored. 
However, an area for future exploration with respect to need states might be the fine temporal 
structure that exists within bursts of licking, in particular how the interlick interval changes 
throughout ongoing bursts (Lin et al., 2013). 
Another potential issue that affects many if not all studies analyzing lick microstructure is that 
experiments are conducted in relatively short behavioral sessions and often on food or fluid-
deprived animals to elicit sufficient intake behavior. The study of 24-h intake patterns of food 
and fluid has contributed greatly to our understanding of ingestive behavior since these 
experiments became possible (Smith, 2000). To our knowledge, analysis of lick microstructure 
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(rather than more gross meal patterning) has not been attempted in home cages over 24 h 
periods. However, analysis of lick patterns during 1 h sessions revealed effects of post-
ingestive processes on cluster size (Spector, et al., 1998), similar to the effect of satiety on 
orofacial reactivity (Berridge, 1991), and suggesting potential interactions between long term 
changes in physiological state and the palatability of food. Given reduced cost and increased 
availability of systems for measuring lick patterns, the analysis of microstructural licking 
patterns during long time periods and across relevant physiological cycles may reveal novel, 
previously unidentified, insights into control of ingestive behavior. 
As the ability to record licking behavior with high fidelity has become easier, there have been 
concurrent advances in analytical methods and conceptual insights. An exciting recent 
development is the emergence of open source models of science, which make adoption of 
new hardware cheap and accessible. Methods of recording lick patterns via either changes in 
capacitance, force, or infrared detectors are now available at sites such as 
www.openbehavior.org. In addition, graphical user interfaces (GUIs) are available that make 
analysis of lick data recorded on any system easy and intuitive. We have developed a simple 
GUI for this purpose in our lab (used to perform elements of the analysis in this paper; available 
at www.github.com/mccutcheonlab.com/Lick_Calc-GUI/) and several others are also freely 
available (Raymond et al., 2018). Thus, the availability of such resources will let researchers 
apply methods of microstructural analysis to their experimental conditions and to their lick data 
from prior experiments. As a final point, much of the difficulty in assessing consistent effects 
across the literature arises from differences in the analytical methods used to classify bursts, 
clusters, or bouts of licking. In particular, the pause criterion that is chosen has a profound 
effect (Spector et al., 1998). The recent trend of publishing complete data sets along with 
journal articles will provide interested parties with the ability to analyze lick data from different 
laboratories using exactly the same parameters, which may resolve or reduce discrepancies 
between findings. 
Beyond methodological considerations, a key remaining question concerns how 
microstructural parameters relate to subjective experience rather than just the sensory 
properties of food. Palatability as a term is used to reflect hedonic evaluation (e.g. pleasure or 
disgust) of a food and is distinct from the sensory-discriminative properties of a stimulus 
(Yeomans, 1998). Processes underlying palatability are also thought dissociable from 
incentive Pavlovian (Berridge and Kringelbach, 2015) and instrumental (Balleine, 2005; 
Wassum et al., 2011; Wassum et al., 2009) processes, which modulate approach/avoidance 
behaviors and pursuit of action. Although the highly palatable nature of many foods is often 
used to explain why they are overeaten in the absence of physiological need (e.g. "hedonic 
hunger"; Lowe and Butryn, 2007; Rossi and Stuber, 2018), it is clear that physiological need 
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and the nutritional value of food has a strong influence on palatability (Smith, 2000). 
Accordingly, despite the variability in approaches employed to measure licking microstructure, 
several studies reviewed here reported that different physiological states influence licking 
patterns, especially cluster size. These effects are not limited to a specific food-associated 
taste or flavor and can also reflect the nutrient content. Although beyond the scope of the 
present review, recent studies showed that, in animal models of obesity such as binge eating 
or overconsumption of palatable food, analysis of lick microstructure has revealed important 
changes suggesting long lasting alterations in palatability and incentive processes, which may 
drive hedonic, non-homeostatic feeding (Johnson, 2018). Future studies using more precise 
and standardized approaches to dissect licking behavior will then bring a more detailed 
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Figure 1. Analysis of lick microstructure. (A) Schematic showing division of lick train into 
clusters. Vertical lines show licks and horizontal lines show the first interlick interval and all 
intercluster intervals (see main text for additional details on lick clusters). The first lick in each 
cluster is shown in red. A ‘missed’ lick is shown as a dotted grey line and indicated with an 
arrow. (B) Excerpt of data from a male Sprague Dawley rat licking for 0.2% sodium saccharin. 
Licks are shown by vertical lines with the first lick in each cluster shown in red. Data are 
approximately 30 s taken from a 1 h behavioral session. (C) Histogram of interlick intervals 
shown for the session in B. The rhythmicity of most licking behavior is shown as the majority 
of interlick intervals fall within a narrow range (e.g. 0.1-0.5 s). (D) Cumulative probability 
distribution of burst sizes from the behavioral session shown in B. 
 
Figure 2. Analysis of lick microstructure in protein-restricted rats shows that changes 
in lick patterns are dependent on experiencing both protein and carbohydrate together. 
(A) Number of clusters for casein (protein) and maltodextrin (carbohydrate) does not differ for 
protein-restricted (PR) or control, non-restricted (NR) rats in conditioning sessions in which 
only one nutrient is available at any time (left and center panels). However, in the preference 
test session when both solutions are available at the same time (right panel), protein restricted 
rats produce more clusters for casein, relative to maltodextrin (2-way ANOVA: Diet x Solution 
interaction [F1,22=7.119, p=0.014]; Sidak’s post hoc test: NR p=0.9, PR p=0.003). (B) A 
similar pattern of results is seen for cluster size in which no differences are seen when 
nutrients are presented on their own but in the preference test session, protein-restricted rats 
exhibit greater cluster size for casein than for maltodextrin (2-way ANOVA: Diet x Solution 
interaction [F1,22=7.009, p=0.014]; Sidak’s post hoc test: NR p=0.8, PR p=0.009). Circles are 
data from individual rats and bars are mean. Results of this study have previously been 
published in Murphy et al. (2018). †† p<0.01 (2-way ANOVA followed by Sidak’s post hoc 
tests casein vs. maltodextrin). 
 
Figure 3. Protein preference is associated with specific lick patterns only during the 
expression of protein preference. (A) Schematic representation of the behavioral protocol. 
Non-restricted (NR, n=13; grey and white bars) and protein-restricted (PR, n=11; orange bars) 
rats initially received separate conditioning sessions for two different solutions containing 
casein (protein) or maltodextrin (carbohydrate). During the preference test, they experienced 
forced choice trials (only one bottle is presented for 30 s maximum or 5 s after the first lick), 
followed by free choice trials (2 bottles presented). (B) Analysis of lick microstructure during 
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forced and free choice trials for casein and maltodextrin drinking. During forced choice trials 
(left panels), NR and PR groups did not present any difference of either cluster size (2-way 
ANOVA: Diet [F1,22=0.3, p=0.6]; Solution [F1,22=0.5, p=0.5]; Diet x Solution interaction 
[F1,22=0.2, p=0.7]) or the number of clusters (Diet [F1,22=0.4, p=0.5]; Solution [F1,22=0.05, 
p=0.8]; Diet x Solution interaction [F1,22=1.6, p=0.2]) for either solution. During free choice trials 
(right panels), PR rats presented a higher cluster size for casein than for maltodextrin (2-way 
ANOVA: Diet x Solution interaction [F1,22=16.47, p=0.0005]; Sidak’s post hoc test p=0.002) 
and higher number of clusters for casein (Diet x Solution interaction [F1,22=18.11, p=0.0003]; 
Sidak’s post hoc test p=0.025). NR rats only presented a higher number of clusters for 
maltodextrin (Sidak’s post hoc test p=0.006) but similar cluster size for both solutions (Sidak’s 
post hoc test p=0.14). (C) During free choice trials, PR rats presented a significantly higher 
preference for casein (left; unpaired t-test: t22=5.16, p<0.0001; one-sample t-test versus 50%: 
p=0.003). In contrast, NR rats exhibited a preference for maltodextrin (one-sample t-test 
versus 50%: p=0.005). Correlation analyses (right) showed that cluster size for casein and 
maltodextrin are both correlated with the level of casein preference (Pearson correlations; 
casein: r2=0.22, p=0.02 / maltodextrin: r2=0.60, p<0.0001). Circles are data from individual rats 
and bars are mean. *** Diet effect (unpaired t-test), ## p<0.01 (one sample t-test versus 50%), 
† p<0.05 and †† p<0.01 (2-way ANOVA followed by Sidak’s post hoc tests casein vs. 
maltodextrin). 
 
Figure 4. Protein appetite is linked to increased palatability of casein, which is resistant 
to adulteration with quinine. (A) Schematic representation of the quinine adulteration 
experimental design. After initial flavor conditioning, preference for casein vs. maltodextrin 
was tested with increasing concentrations of quinine (from 0 to 1 mM) in the casein solution 
for both non-restricted (NR, n=4; grey and white symbols) and protein-restricted rats (PR, n=4; 
orange symbols). Each quinine concentration was tested twice and averaged. (B) Casein 
preference progressively decreased as quinine concentration increased (2-way ANOVA: Diet 
[F1,6=9.6, p=0.02]; Quinine [F5,30=4.5, p=0.004]; Diet x Quinine interaction [F5,30=9.6, p=0.8]).  
In NR rats, the increase of quinine concentration progressively drove the preference from no 
preference (0 mM: p=1.0, one-sample t-test versus 50%) to maltodextrin preference (0.5 mM: 
p=0.09; 1mM: p=0.01). In PR rats, only the highest concentrations of quinine decreased the 
initial casein preference to no preference without reducing preference to less than 50% (0.5 
mM: p=0.6; 1 mM: p=0.7). (C) Analysis of lick microstructure during quinine adulteration of 
casein. Left:  Quinine adulteration significantly decreased cluster size during licking for casein 
for both groups (2-way ANOVA: Diet [F1,6=4.2, p=0.08]; Quinine [F5,30=28.5, p<0.0001]; Diet x 
Quinine interaction [F5,30=2.1, p=0.08]), especially at high concentrations (Dunnett’s post hoc 
23 
 
tests versus 0 mM; NR: p<0.001 and p<0.001 for 0.5 mM and 1 mM respectively / PR: p=0.005 
and p=0.04  for 0.5 mM and 1 mM, respectively). In contrast, cluster size for maltodextrin was 
not affected (2-way ANOVA: all effects Fs<1.5, p>0.2). Right: Quinine adulteration did not 
decrease the number of clusters during licking for casein (2-way ANOVA: Diet [F1,6=15.3, 
p=0.008]; Quinine [F5,30=1.5, p=0.2]; Diet x Quinine interaction [F5,30=0.8, p=0.6]) but increased 
the number of clusters for maltodextrin (2-way ANOVA: Diet [F1,6=10.4, p=0.02]; Quinine 
[F5,30=4.7, p=0.003]; Diet x Quinine interaction [F5,30=0.7, p=0.6]). Data are expressed as mean 
+ SEM. # p<0.05, ## p<0.01 (one sample t-test versus 50%). 
 
Figure 5. Change in protein appetite is related to change in lick microstructure for both 
casein (protein) and maltodextrin. (A) Schematic representation of the diet switch 
experimental design. Preference for casein vs. maltodextrin was tested after initial flavor 
conditioning sessions (test 1). Diet was then reversed between the two groups. Casein 
preference was tested after 1 week under the new diet (test 2) and again after new conditioning 
sessions (test 3). (B) Casein preference changes according to the current diet (2-way ANOVA: 
Diet x Test interaction [F2,28=12.6, p=0.0001]). The shift from non-restricted (NR, n=9) to 
protein-restricted (PR, n=7) state especially increased casein preference (Dunnett’s post hoc 
test, test 1 vs. 2 p=0.006, test 1 vs. 3 p=0.01), abolishing the initial difference between diet 
groups (NR vs. PR: test1 p=0.005, test 2 p=0.9, test 3 p=0.6; Sidak’s post hoc test). (C) 
Analysis of lick microstructure before and after the diet switch in NR and PR rats. Left: The 
change from NR to PR increased cluster size during casein licking, whereas the opposite diet 
shift (PR to NR) slightly decreased these measures (2-way ANOVA: Diet x Test interaction 
[F2,28=3.4, p=0.0458]). Simultaneously, the NR to PR shift significantly decreased cluster size 
for maltodextrin (2-way ANOVA: Diet x Test interaction [F2,28=8.0, p=0.0017]; Dunnett’s post 
hoc test, test 1 vs. 2 p=0.007, test 1 vs. 3 p=0.01). In contrast, the PR to NR shift did not 
significantly change cluster size for maltodextrin (Dunnett’s post hoc test, test 1 vs. 2 p=0.15, 
test 1 vs. 3 p=0.36). Right: Diet shift increased number of clusters for casein in both groups 
(2-way ANOVA: Test [F1,14=7.3, p=0.003], Diet x Test interaction [F2,28=0.8, p=0.42]. However, 
the number of clusters for maltodextrin non-significantly increased (PR to NR) or decreased 
(NR to PR) with diet switch (2-way ANOVA: Diet x Test interaction [F2,28=4.3, p=0.02]; all 
Dunnett’s post hoc p>0.06). Data are expressed as mean + SEM. # p<0.05 (one sample t-test 
versus 50%), † p<0.05 and †† p<0.01 (2-way ANOVA followed by Dunnett’s post hoc tests 
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Figure 2. Analysis of lick microstructure in protein-restricted rats shows that changes in lick patterns 
are dependent on experiencing both protein and carbohydrate together. (A) Number of clusters for 
casein (protein) and maltodextrin (carbohydrate) does not differ for protein-restricted (PR) or control, non-re-
stricted (NR) rats in conditioning sessions in which only one nutrient is available at any time (left and center 
panels). However, in the preference test session when both solutions are available at the same time (right 
panel), protein restricted rats produce more clusters for casein, relative to maltodextrin (2-way ANOVA: Diet 
x Solution interaction [F1,22=7.119, p=0.014]; Sidak’s post hoc test: NR p=0.9, PR p=0.003). (B) A similar 
pattern of results is seen for cluster size in which no differences are seen when nutrients are presented on 
their own but in the preference test session, protein-restricted rats exhibit greater cluster size for casein than 
for maltodextrin (2-way ANOVA: Diet x Solution interaction [F1,22=7.009, p=0.014]; Sidak’s post hoc test: NR 
p=0.8, PR p=0.009). Circles are data from individual rats and bars are mean. Results of this study have previ-














































































































































Figure 3. Protein preference is associated with specific lick patterns only during the expression of 
protein preference. (A) Schematic representation of the behavioral protocol. Non-restricted (NR, n=13; 
grey and white bars) and protein-restricted (PR, n=11; orange bars) rats initially received separate condi-
tioning sessions for two different solutions containing casein (protein) or maltodextrin (carbohydrate). 
During the preference test, they experienced forced choice trials (only one bottle is presented for 30 s 
maximum or 5 s after the first lick), followed by free choice trials (2 bottles presented). (B) Analysis of lick 
microstructure during forced and free choice trials for casein and maltodextrin drinking. During forced 
choice trials (left panels), NR and PR groups did not present any difference of either cluster size (2-way 
ANOVA: Diet [F1,22=0.3, p=0.6]; Solution [F1,22=0.5, p=0.5]; Diet x Solution interaction [F1,22=0.2, 
p=0.7]) or the number of clusters (Diet [F1,22=0.4, p=0.5]; Solution [F1,22=0.05, p=0.8]; Diet x Solution 
interaction [F1,22=1.6, p=0.2]) for either solution. During free choice trials (right panels), PR rats present-
ed a higher cluster size for casein than for maltodextrin (2-way ANOVA: Diet x Solution interaction 
[F1,22=16.47, p=0.0005]; Sidak’s post hoc test p=0.002) and higher number of clusters for casein (Diet x 
Solution interaction [F1,22=18.11, p=0.0003]; Sidak’s post hoc test p=0.025). NR rats only presented a 
higher number of clusters for maltodextrin (Sidak’s post hoc test p=0.006) but similar cluster size for both 
solutions (Sidak’s post hoc test p=0.14). (C) During free choice trials, PR rats presented a significantly 
higher preference for casein (left; unpaired t-test: t22=5.16, p<0.0001; one-sample t-test versus 50%: 
p=0.003). In contrast, NR rats exhibited a preference for maltodextrin (one-sample t-test versus 50%: 
p=0.005). Correlation analyses (right) showed that cluster size for casein and maltodextrin are both corre-
lated with the level of casein preference (Pearson correlations; casein: r2=0.22, p=0.02 / maltodextrin: 
r2=0.60, p<0.0001). Circles are data from individual rats and bars are mean. *** Diet effect (unpaired 
t-test), ## p<0.01 (one sample t-test versus 50%), † p<0.05 and †† p<0.01 (2-way ANOVA followed by 
Sidak’s post hoc tests casein vs. maltodextrin).
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Figure 4. Protein appetite is linked to increased palatability of casein, which is resistant to adulteration 
with quinine. (A) Schematic representation of the quinine adulteration experimental design. After initial flavor 
conditioning, preference for casein vs. maltodextrin was tested with increasing concentrations of quinine (from 
0 to 1 mM) in the casein solution for both non-restricted (NR, n=4; grey and white symbols) and protein-re-
stricted rats (PR, n=4; orange symbols). Each quinine concentration was tested twice and averaged. (B) 
Casein preference progressively decreased as quinine concentration increased (2-way ANOVA: Diet 
[F1,6=9.6, p=0.02]; Quinine [F5,30=4.5, p=0.004]; Diet x Quinine interaction [F5,30=9.6, p=0.8]).  In NR rats, 
the increase of quinine concentration progressively drove the preference from no preference (0 mM: p=1.0, 
one-sample t-test versus 50%) to maltodextrin preference (0.5 mM: p=0.09; 1mM: p=0.01). In PR rats, only 
the highest concentrations of quinine decreased the initial casein preference to no preference without reduc-
ing preference to less than 50% (0.5 mM: p=0.6; 1 mM: p=0.7). (C) Analysis of lick microstructure during 
quinine adulteration of casein. Left:  Quinine adulteration significantly decreased cluster size during licking for 
casein for both groups (2-way ANOVA: Diet [F1,6=4.2, p=0.08]; Quinine [F5,30=28.5, p<0.0001]; Diet x 
Quinine interaction [F5,30=2.1, p=0.08]), especially at high concentrations (Dunnett’s post hoc tests versus 0 
mM; NR: p<0.001 and p<0.001 for 0.5 mM and 1 mM respectively / PR: p=0.005 and p=0.04  for 0.5 mM and 
1 mM, respectively). In contrast, cluster size for maltodextrin was not affected (2-way ANOVA: all effects 
Fs<1.5, p>0.2). Right: Quinine adulteration did not decrease the number of clusters during licking for casein 
(2-way ANOVA: Diet [F1,6=15.3, p=0.008]; Quinine [F5,30=1.5, p=0.2]; Diet x Quinine interaction [F5,30=0.8, 
p=0.6]) but increased the number of clusters for maltodextrin (2-way ANOVA: Diet [F1,6=10.4, p=0.02]; 
Quinine [F5,30=4.7, p=0.003]; Diet x Quinine interaction [F5,30=0.7, p=0.6]). Data are expressed as mean + 
SEM. # p<0.05, ## p<0.01 (one sample t-test versus 50%).
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NR versus PR rats
Diet switch
Figure 5. Change in protein appetite is related to change in lick microstructure for both casein (protein) 
and maltodextrin. (A) Schematic representation of the diet switch experimental design. Preference for casein 
vs. maltodextrin was tested after initial flavor conditioning sessions (test 1). Diet was then reversed between 
the two groups. Casein preference was tested after 1 week under the new diet (test 2) and again after new 
conditioning sessions (test 3). (B) Casein preference changes according to the current diet (2-way ANOVA: 
Diet x Test interaction [F2,28=12.6, p=0.0001]). The shift from non-restricted (NR, n=9) to protein-restricted 
(PR, n=7) state especially increased casein preference (Dunnett’s post hoc test, test 1 vs. 2 p=0.006, test 1 vs. 
3 p=0.01), abolishing the initial difference between diet groups (NR vs. PR: test1 p=0.005, test 2 p=0.9, test 3 
p=0.6; Sidak’s post hoc test). (C) Analysis of lick microstructure before and after the diet switch in NR and PR 
rats. Left: The change from NR to PR increased cluster size during casein licking, whereas the opposite diet 
shift (PR to NR) slightly decreased these measures (2-way ANOVA: Diet x Test interaction [F2,28=3.4, 
p=0.0458]). Simultaneously, the NR to PR shift significantly decreased cluster size for maltodextrin (2-way 
ANOVA: Diet x Test interaction [F2,28=8.0, p=0.0017]; Dunnett’s post hoc test, test 1 vs. 2 p=0.007, test 1 vs. 
3 p=0.01). In contrast, the PR to NR shift did not significantly change cluster size for maltodextrin (Dunnett’s 
post hoc test, test 1 vs. 2 p=0.15, test 1 vs. 3 p=0.36). Right: Diet shift increased number of clusters for casein 
in both groups (2-way ANOVA: Test [F1,14=7.3, p=0.003], Diet x Test interaction [F2,28=0.8, p=0.42]. Howev-
er, the number of clusters for maltodextrin non-significantly increased (PR to NR) or decreased (NR to PR) with 
diet switch (2-way ANOVA: Diet x Test interaction [F2,28=4.3, p=0.02]; all Dunnett’s post hoc p>0.06). Data are 
expressed as mean + SEM. # p<0.05 (one sample t-test versus 50%), † p<0.05 and †† p<0.01 (2-way ANOVA 
followed by Dunnett’s post hoc tests versus preference test 1), * p<0.05 (2-way ANOVA followed by Sidak’s 
post hoc tests NR vs. PR).
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